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Neomycin is an aminoglycoside of the streptomycin group of anti¬
biotics that is known to cause misreading of the genetic code in in
vitro bacterial systems. In order to determine whether microbial
antimetabolites have some effect on macromolecular biosynthesis of
higher cells, the antibiotic neomycin was selected for this study
with mammalian cells cultured vitro.
Synchronized cultures of Chinese hamster cells were exposed to
various concentrations of neomycin, ranging from 25 pg/ml that have
been used for bacteria, to 100 and 200 pg/ml, for different time
periods. Optical density determinations were made for RNA and pro-
tein content in control and neomycin-treated cells. [ h]-uracil and
r 14 1
L Cj-valine incorporation into macromolecules was used to measure
the rate of RNA and protein synthesis in the presence and in the
iii
iv
absence of the antibiotic. Basically, what neomycin does is to in¬
hibit protein synthesis by alteration of the translational process,
with a secondary effect on the rate of RNA synthesis. The phase of
growth of the cell population, rather than the length of the treat¬
ment, made a great difference in the percentage of inhibition
observed. Comparative studies of neomycin, actinomycin and chloram¬
phenicol indicate that the action of neomycin affects protein syn¬
thesis in a way that closely resembles the chloramphenicol effect.
The immediate effect of short-term treatments with neomycin is highly
reversible, but a long-term exposure to the drug finally destroys
sensitive cells. The response of mammalian cells to neomycin is
analogous to bacterial cells even at the gene level because in the
course of this study neomycin-resistant and dependent cells were
found along with the neomycin-sensitive Chinese hamster cells.
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CHAPTER I
INTRODUCTION
Antibiotics are chemical substances, usually microbial products,
that are known to produce serious disturbances in the metabolism of
bacterial cells, to the extent that viability and growth are effec¬
tively impaired. These substances are currently used in chemotherapy
for higher animal systems and, in most cases where it is necessary to
insure contamination-free conditions, in doses that are believed to
be selectively harmful to microorganisms. Some antibiotics are bio¬
chemically related to amino acids, sugars, fused ring systems, or
other metabolites such as acetate or propionate units; but the re¬
lationship between the structure and their site of action has not
been conclusively elucidated yet. Neomycin, an antibiotic produced
by Streptomyces fradiae, is an aminoglycoside which was isolated by
Waksman and Lechevalier in 1949. This antibiotic, as some others in
the streptomycin group, is believed to cause misreading of the genetic
code affecting protein s3mthesis at the level of translation in
bacteria.
It is generally accepted that DNA, RNA, and protein are universal
types of macromolecules in bacteria as well as in higher cells; and to
the extent that this is true, the agents that affect these cellular
components in microorganisms are very likely to exert similar kinds of
effect on other cells. There is good evidence to support this view of




In order to examine the action mechanism of antibiotics on mam¬
malian cells, neomycin was selected as the trigger agent to alter, in
one way or another, the biosynthetic apparatus of hamster cells cul¬
tured ^ vitro. Further, neomycin will be used as a tool for experi¬
mental procedures that would allow correlation of the knowledge




During the last few years, the challenging field of molecular
biology has achieved a great deal of progress, especially in working
with microorganisms. In relation to the bacteriocidal effect of
antibiotics and their action mechanism, it is possible to relate
lethality to a variety of phenomena that extend from misreading of
the genetic code to the complete block of growth and cell division.
The streptomycin group of antibiotics was discovered nearly
thirty years ago by Waksman and his collaborators. These drugs
created immediate interest by their effective use in the control of
serious microbial diseases such as tuberculosis. Neomycin (C-_H,-N,0-»)
is an aminoglycoside that shows some chemical and biological properties
similar to streptomycin (Swart, Hutchison, and Waksman, 1949).
Streptomycin is one of the most extensively studied antibiotics
in relation to its effects on microorganisms. Anand, Davis, and
Armitage (1960) observed that this drug inhibited the s3mthesis of
membranes in growing cells. Later, Davies, Gilbert, and Corini (1964)
suggested that streptomycin binds to the 30s subunits of the ribosomes
and disturbs the "reading" of the message during polypeptide synthesis.
This hypothesis has been supported by the in vitro experiments con¬
ducted by Herzog (1964). He extracted ribosomes from streptomycin-
sensitive and resistant strains of bacteria after being treated with




dissociate as readily at low concentrations of Mg as the normal un¬
treated ribosomes, or those taken from resistant cells that had been
exposed to the drug.
Many other types of experiments have been devised in order to
study the nature of the effect of streptomycin on the 30s particles
of the ribosomes. Davies (1964) demonstrated that this antibiotic
prevented the formation and not the degradation of the polyribosomes,
suggesting a sort of competition between mRNA and streptomycin for
the 30s subunit. The effect was observed only when he used 30s
particles from sensitive bacteria regardless of the source of the
50s subunits in an vitro system. The 30s particles from resistant
organisms were not affected by streptomycin during the reformation of
70s ribosomes. Staehelin and Meselson (1966) demonstrated that
streptomycin sensitivity was determined by a subunit of the 30s ribo¬
somes of coli. Traub, Hosokawa, and Nomura (1966) confirmed this
observation, concluding that, in fact, the 23s core particles of the
30s ribosome contained the site that determined this characteristic
in bacterial cells. The core particles are the ribonucleoprotein
component that is left after the removal of the so-called "split
proteins". The core particles are protein-deficient and unable to
conduct protein synthesis in the absence of their "split protein"
partners. Traub e^ suggested that the mutation that leads to the
streptomycin-resistant phenotype was localized in a genetic locus
that determines the structure of the ribosome. Similar conclusions
were attained by Likover and Kurland (1967) with experiments con¬
ducted with ribosomes from a streptomycin-dependent strain of coli.
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They considered that the requirement of streptomycin was a property of
the 30s subunit, as a result of an alteration in a genetic determinant
of the ribosome structure. Neomycin was not able to replace strepto¬
mycin in the stimulation of streptomycin-dependent ribosomes.
Spotts and Stanier (1961) suggested that streptomycin dependence,
resistance, and sensitivity are multiple alleles of a single locus and
that the interaction of the ribosomes differed in each case in rela¬
tion to the drug. Rownd (1966) suggested that the resistant genetic
factor in Enterobacteriaceae is an episome.
Gorini and Kataja (1964) reported that lethality of streptomycin
sensitive cells may be due to accumulation of nonsense proteins; but
Stern, Earner, and Cohen (1966) considered that this hypothesis was
not correct. They found correlation between RNA stimulation in the
presence of neomycin or streptomycin with lethality in sensitive
strains. Stimulation of RNA s3mthesis was also observed under the
effect of chloramphenicol in the absence of protein synthesis (Aronson
and Spiegelman, 1961).
Stern, Sekiguchi, Earner, and Cohen (1964) observed that the type
of RNA synthesized in the presence of the antibiotic was partially
associated with the ribosomal fraction and had a rapid but incomplete
turnover. These studies were conducted with a th)anineless strain of
coli. Sekiguchi and Cohen (1964) reported that the synthesis of a
phage-induced RNA in the absence of protein synthesis was a utilizable
type of mRNA.
Streptomycin and neomycin are also known to stimulate amino acid
incorporation in in vitro systems. Gorini (1966) observed that
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neomycin stimulated misincorporation of serine in polyuridylic prepara¬
tions with ribosomes from streptomycin resistant or sensitive cells,
which were in turn killed by neomycin. From these observations, it was
implied that these two antibiotics affected the ribosome at different
sites in E. coli cells. Razorenov (1969) reported that the results of
studies in Shigella sonnei indicated that cells which were resistant
to streptomycin were also resistant to neomycin. Misreading is con¬
sidered the main effect of streptomycin and related antibiotics on
bacterial cells with the synthesis of faulty proteins with abnormal
amino acid sequences. Dependence seems to be related to suppression
at the ribosome level (Harbers, Gotz, and Muller, 1965).
Dubin, Hancock, and Davis (1963) reported that the early effect
of streptomycin was inhibition of protein synthesis and increase in
the permeability of cell membranes. The authors indicated that strep¬
tomycin should be added to ribosomes before the addition of mRNA for
full expression of its effect. These findings supported the idea that
streptomycin competed with the mRNA for the ribosome sites, and that
once mRNA was bound to the ribosomes it protected them from the
streptomycin binding effect.
Neomycin inhibits growth in amoebae as a result of an alteration
in the ribosomes that caused a codon-anticodon misalignment (Hawkins
and Willis, 1969). They concluded that the response of amoebae to
neomycin was controlled by an independently inherited cytoplasmic
character. Cole and Danielli (1963) reported naturally-occurring
interstrain differences in resistance to streptomycin; and from
experimental heterotransfers of nuclei, they inferred the existence of
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both nuclear and cytoplasmic inheritance of these characteristics.
Anand and Davis (1960) examined the antagonism between chloramphenicol
and the lethal action of streptomycin, but the actual mechanism of
this interaction has not been clearly elucidated.
Actinomycin D is another antibiotic that affects RNA s5nithesis by
forming a complex with the DNA template, as shown in mouse liver cells
(Melvin, 1967). Nachtwey and Dickinson (1967) observed blockage of
cell division in synchronized Tetrahymena when the antibiotic was added
early in the cell cycle. Actinomycin D has also been reported as re¬
sponsible for chromatid breaks that usually occur near the centromere
where there is a high G-C content in the DNA. This supported the hy¬
pothesis that the affinity of the antibiotic is for guanosine (Ostertag
and Kersten, 1965). The latter experiments were conducted with human
cells. In other cell systems, additional information has been found
in relation to chromosome abnormalities as a consequence of the action





Chinese hamster cells, strain CHlll, were obtained as a gift from
the Tissue Culture Laboratory, Biology Division, Oak Ridge National
Laboratory, United States Atomic Energy Commission, Oak Ridge,
Tennessee. The cells were grown in Eagle's Minimum Essential Medium
modified (Eagle, 1959), supplemented with 107. calf serum, and incubated
at 36.5 C. This culture medium contained physiological concentrations
of the amino acids, arginine, histidine, isoleucine, lysine, leucine,
methionine, phenylalanine, threonine, tryptophane, valine, cystine,
tyrosine, and glutamine. The vitamins included thiamine, choline,
inositol, nicotinamide, pantothenic acid, riboflavin, biotin, and folic
acid, all in a Hank's balanced salt solution which was composed of
potassium chloride, magnesium sulfate, sodium phosphate, glucose and
potassium phosphate.
The stock cultures were maintained in large prescription bottles
from which monolayer or suspension split cultures were used in the
experiments. The medium was replenished twice a week and the cells
were routinely subcultured every 8-10 days. Every new batch of medium
was tested for sterility by incubation of a representative sample (17,
of the volume) at 36.5 C for 24-72 hr. All the solutions utilized were
autoclaved and/or sterilized by filtration, and the glassware was
carefully cleaned with a biological detergent and rinsed several times
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in tap and distilled water. The glass containers were pre-sterilized
with dry heat and then autoclaved at 15 lb of pressure and 121 C for
20 min. The transfer and handling of the cultures was done aseptically
under an appropriate tissue culture hood.
The monolayer cultures were dispersed using 0.257. trypsin in a
calcium and magnesium-free salt solution. The suspension of cells was
centrifuged at 100 rpm in order to remove the trypsin, and then washed
in Hank's solution. The concentration of cells was determined by the
haemocytometer method using a Neubauer chamber. The cells were dis¬
tributed evenly in the prescription bottles with fresh medium. The




RNA was determined according to the method by Schneider (1945).
The cells were dispersed and centrifuged in order to remove the medium,
resuspended in 3.57. perchloric acid and incubated at 90 C for 30 min in
order to precipitate the protein. The supernatant was removed and sub¬
jected to acid hydrolysis in 0.17. F^Cl^ in concentrated HCl. The de¬
gradation products are purine nucleosides that react with 107. orcinol
in ethanol, giving a color reaction that was quantitatively determined
by reading the optical density of the complex in a Turner spectropho¬
tometer at 660 mp,-. Deoxyribosides do not interfere significantly be¬
cause the reaction is highly specific for the cis-OH groups of the
sugar. Yeast RNA, 100 pg/ml, was used as standard. In order to mini¬
mize the experimental error, three different concentrations of sample
10
and standard were used in all the determinations.
2. Protein
The pellet of protein obtained from the perchloric acid reaction
was resuspended in 1 ml of IN NaOH and further diluted in 4 ml dis¬
tilled water. Protein determination was based on the reaction between
the amino acids in peptide linkage with the alkaline copper reagent C
(0.01% CuSO^, 0.01% Na, K tartrate in 2% Na2C02), for an incubation
period of 15 min in a water bath at 37 C. The addition of Folin re¬
agent increased the sensitivity of the assay by amplification of the
color of the complex formed; the reaction was allowed to take place at
room temperature for 30 min. The optical density was determined with
the Turner spectrophotometer at 660 nUi. The protein standard used was
bovine serum albumin (100 pg/ml). The concentration of RNA and protein
was given in jig/ml.
Double label experiments.
The rate of incorporation of [ H]-uracil and [ C]-valine into
macromolecules was used as a measure of the rate of RNA and protein
s)mthesis. The isotopes were added to the culture medium in a con-
Q 1 /
centration of 0.01 pc/ml for [ H], and 0.05 pc/ral for [ C]. After
specific periods of incubation of the cultures, samples were taken and
precipitated with cold 57. trichloroacetic acid for 24 hr. The macro¬
molecules were separated by using a millipore filter. The sample was
allowed to dry, and radioactivity was counted with a Packard Tri-Carb
Liquid Scintillation Spectrometer with a window setting of 50-1000 and
a gain of 87, for [^^C], and 57% for [^H].
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Sucrose gradients.
Experimental and control samples previously precipitated with 5%
cold trichloroacetic acid were placed in a 57. to 207o sucrose gradient
prepared by adding in a test tube 1 ml of Hank's solution, 1 ml of 57o
sucrose, 1 ml of 207, sucrose, and 1 ml of cell extract. The gradient
tubes were centrifuged at 12,500 rpm for 2 hr with an International
Refrigerated centrifuge model B-20. After the centrifugation period,
20-drop fractions were collected from top to bottom without disturbing
the gradient. Each fraction was filtered in a millipore filter,
washed with an equal volume of cold trichloroacetic acid and allowed
to dry. Labeled RNA and protein were determined by the amount of [ h]
and [^^c] as indicated in counts/min in each fraction.
Fractionation studies.
Cells were grown for a 3-6 hr period in medium containing [ h]-
uracil and [ Cj-valine, after which they were collected by centrifu¬
gation and resuspended in about 5 ml of Hank’s solution. At this point
the concentration of cells was about 2 x loVml.
Cell-free extracts were prepared from the control and experi¬
mental cultures by sonic treatment with a sonifier cell disrupter,
model W140D (Heat Systems-Ultrasonic, Inc.), for 3 min at a setting
of 3. Selective precipitation of ribosomes was attained by using 67,
streptomycin at 0 C overnight. The preparation was centrifuged at
12,000 rpm for 5 min in order to collect the ribosomal fraction in the
pellet. The supernatant was divided into two equal-volume portions,
one for cold trichloroacetic acid extraction and the other for separa¬
tion of RNA and protein by hydrolysis in 3.57. perchloric acid at 90 C
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for 30 min. [^^c] and [^h] determinations were made for each of the
fractions using the millipore filter procedure and the liquid Scintilla¬
tion Spectrometer.
Chemicals
Neomycin sulfate USP, 697 mcg/mg, was obtained from General Bio¬
chemicals GBI, a Life Science Division of the Mogul Corporation,
Laboratory Park, Chagrin Falls, Ohio. Chloramphenicol, D(-)threo-2-
2 dichloro-N -Hydroxy-^-hydroxymethyl)-p-nitro-phenethyl) acetamide),
was purchased from Sigma Chemical Company, St. Louis, Missouri.
Actinomycin D, from National Biochemical Corporation, was kindly
supplied by Dr. Roy Hunter, Jr.
The radioactive materials [ c]-valine, and [ H]-uracil were
secured from the New England Nuclear Corporation, Boston, Massachusetts.
The amino acids stock, vitamins and Hank's base for the preparation of
Eagle's culture medium were purchased from Difco Laboratories, Detroit,
Michigan. Trypsin 1:250 was also a Difco certified product.





Cells grown in Eagle's mediiun without antibiotics were dispersed
and washed with Hank's solution. After being concentrated by centri¬
fugation, the number of cells per ml was determined by the haemocy-
tometer method, and the suspension was evenly distributed in the cul¬
ture vessels. The experimental cultures were treated with 100 pg/ml
neomycin over a 96 hr period with sample determinations every 24 hr.
RNA content was determined by its optical density as a function of
time (Fig. 1). Initial stimulation in the content of RNA was observed
at the end of 24 hr followed by inhibition at 48, 72, and 96 hr.
Figure 2 illustrates the protein content determination with inhibition
after 48 hr of treatment. This kind of result was obtained in a
variety of ways which demonstrated that the length of the treatment was
not the primary determinant of these variations.
The next possibility to be examined was to keep constant the
length of the treatment, but to vary the time period between the be¬
ginning of the experiment and the addition of the antibiotic. For that
purpose, a population of cells was selected and divided into equal
samples that were treated with neomycin at different times after the
beginning of the experiment. Figures 3 and 4 show the effect of neomy¬
cin when applied at zero time as compared to the samples treated at 24,
48, or 72 hr later. The results of this type of experiment indicated
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Fig. 1. Effect of 100 ^ig/ml neomycin applied at zero time with
sample determinations every 24 hr. Optical density
determination of the RNA content.





Fig. 2, Effect of 100 jig/ml neomycin applied at zero time,
with sample determinations taken every 24 hr.
Optical density determination of the protein content.
• # , Control cells with no neomycin
^ A














Fig. 3. Twenty-four hr treatment of neomycin applied at zero
time, at 24 hr, 48 hr, and 72 hr. Optical density
determination of the RNA content.
0—0
, Control cells with no neomycin.
^ ^




Fig. 4. Twenty-four hr treatment with neomycin applied at
zero time, at 24 hr, at 48 hr, and 72 hr. Optical
density determination of the protein content.






that the time of application, rather than the length of the treatment,
had the greater influence in the effect of neomycin. In this particular
case there was inhibition when applied at zero time or at 72 hr as
regard to RNA content (Fig. 3), There was also inhibition of protein
when neomycin was applied early, and also when its effect was examined
at 48 hr (Fig. 4). The length of the treatment in all cases was 24 hr.
The effect of neomycin seemed to be influenced by the phase of growth
of the cell population.
In order to take a closer look at the early effect of neomycin,
cells treated with the antibiotic at 100 pg/ml concentration were
examined for RNA and protein content at 6-hr intervals up to 48 hr.
The results were again consistent with the previous observations, that
is, inhibition in the content of macromolecules in the early period,
and RNA stimulation after 24 hr in the experimental cells. In all the
experiments a set of control cultures with untreated cells was carried
through the same procedure.
In the next series of experiments the effect of prolonged
exposure of cells to the antibiotic was examined. The cell cultures
were treated with neomycin at 100 pg/ml for 15 days, at the end of
which a recovery experiment was carried out by transferring half of
the cells to normal medium without neomycin; the other cultures were
allowed to continue in medium with neomycin. The results of the ex¬
periment are illustrated in Figs. 5 and 6. RNA was not significantly
affected by the absence of the antibiotic, but there was not any
increase in the net accumulation of protein in the cells that were
transferred to medium without neomycin as compared with the cells that
Fig. 5. Optical density determination of protein content.
Cells were previously treated with neomycin for
15 days. • • , Cells transferred to a medium







Fig. 6. Optical density determination of RNA content. The
cells were previously treated with neomycin for
15 days. • • , Cells transferred to a medium









continued in the presence of the antibiotic. For comparison, another
strain of hamster cells, BHK (baby hamster kidney), which is hetero-




1. [ H]-uracil and [ C]-valine incorporation.
1^ 3
By measuring the rate of [ C]-valine and [ H]-uracil incorporation
into macromolecules, it was attempted to quantitate RNA and protein
synthesis in the presence of neomycin, as compared with the control
cultures grown in medium without antibiotic. A population of cells
grown in monolayer was dispersed by trypsinization and starved in
balanced salt solution without glucose for 3 hr at the end of which they
were concentrated by centrifugation and transferred to fresh medium
containing 0.1 pc/ml of [ H] , and 0.05 pc/ml of [ C] . After having
determined the concentration of cells per ml, they were distributed in
culture vessels to which, in the case of the experimentals, 100 pg/ml
neomycin was added. Sample determinations were taken at 3 hr, and then
every 6 hr up to 36 hr. As shown in Figs. 7 and 8, at the end of the
first 3 hr there was a high rate of synthesis of RNA and protein that
was inhibited 507. by the drug in the experimental cultures. Up to 18
hr, the experimental cultures showed some stimulation in RNA and pro¬
tein synthesis; this was not a very active period of synthesis in the
control cells. Toward the end of the 36 hr period, there was inhibition
of RNA and protein synthesis. At 24 hr RNA and protein s5nithesis showed
uncoupling in the control cultures, but coupled inhibition in the neo¬
mycin-treated cells.
Fig. 7. Effect of neomycin (100;iig/ml) on the rate of
3
[ H]-uracil incorporation as a measure of RNA
synthesis. • • , Control cells with no
neomycin; A A , 100 pg/ml neomycin.
COUNTS
/MIN
Fig. 8. Effect of neomycin (100 p,g/ml) on the rate of
[^^C]-valine incorporation as a measure of
protein synthesis. 0—0 > Control cells




2. Effect of different concentrations of neomycin.
(a) In order to examine the early effect of neomycin on the rate
of macromolecular biosynthesis, a double label experiment was designed
with cells that had been grown previously in cold medium and then pre¬
pared as described earlier. The suspension of cells was transferred
to medium containing radioactive uracil and valine, and then distri¬
buted in the tissue culture tubes to be incubated at 36.5 C for 1-6
hr. Two sets of experimental cultures were prepared for 100 and 200
p,g/ml neomycin and sample determinations were taken every hour. As
usual, when the cells were s3mchronized by amino acid starvation,
there was a peak in control activity at 3 hr for both RNA and protein
synthesis (Figs. 9 and 10). Neomycin inhibited RNA to about 507. of
the normal rate and protein to 757., at the highest point of activity.
There was some degree of stimulation of synthesis that was coincident
with the declining periods in the controls. In random populations of
cells that were not previously synchronized, the control pattern for
RNA and protein was slightly different in that there was not the
sharply defined characteristic peak of activity at 3 hr. The effect
of neomycin was essentially the same with the inhibitory periods
followed by stimulation in RNA synthesis and amino acid incorporation.
(b) In Figs. 11 and 12 the effect of a bacteriocidal concentra¬
tion of neomycin (25 pg/ml) is compared to the action of higher con¬
centrations such as 100 and 200 jig/ml. In all three cases, there was
inhibition of both RNA and protein synthesis, with alternating periods
of stimulation that can be observed when sampling is made as frequent¬
ly as every hour. Even in the cases where the control cells show some
Fig. 9. Effect of two different concentrations of neomycin
on the rate of protein s3mthesis. #' # , Con¬
trol cells with no neomycin; A. A , 100 pg/ml
neomycin; □—O , 200 p.g/ml neomycin.
25
TIME (hr)
Fig. 10. Effect of two different concentrations of neomycin
on the rate of RNA synthesis. 0—0 , Control
cells with no neomycin; ^ ^ , 100 ^ig/ml neomycin




Fig. 11. Effect of three different concentrations of neomycin
on the rate of RNA synthesis. O O , Control
cells with no neomycin;#——# , 25 [ig/ml neomycin;





Fig. 12. Effect of three different concentrations of
neomycin on the rate of protein sjmthesis.
0—0 > Control cells with no neomycin;
# 0, 25 pg/ml neomycin; ■—■ , 100 p-g/ml











degree of uncoupling of RNA and protein synthesis, the inhibitory or
stimulatory effect of neomycin was usually coupled at any concentration.
3. Shift experiments.
In the following series of experiments the effect of a shift of
the cells to a medium containing 100 or 200 pg/ml neomycin was ex¬
amined. Cells were grown in normal medium containing radioactive
uracil and valine but no antibiotics for 2 hr, at the end of which
neomycin was added to some of the cultures. Figure 13 shows the
immediate inhibitory effect of the neomycin treatment at two different
concentrations as compared with the activity in the control cultures.
A double shift type of experiment was designed in order to compare
the effect of addition and removal of neomycin from the medium. A set
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of control cultures was grown in medium containing [ h] and [ C] with
no neomycin, and other series of cultures were kept in medium with 100
p,g/ml neomycin. After 2 hr neomycin was added to some of the control
cultures and removed from some of the experimental cultures. RNA
(Fig. 14) and protein synthesis were determined over a 6 hr period.
The cells that were treated with neomycin, and then at 2 hr shifted
to normal medium, showed an appreciable degree of recovery, almost to
the same extent that neomycin inhibited the cells that were shifted
from the control medium.
4. Sucrose gradient.
Figure 15 illustrates the sucrose gradient separation of RNA
species from a control and experimental samples in which there was
inhibition by the effect of the drug. The control pattern of RNA shows
three definite peaks, the first including soluble RNA, the second for
Fig. 13. Immediate effect of the addition of neomycin to
r3 T
the cells in culture. Rate of L Hj-uracil
incorporation, 0 % , control cells with no
neomycin; >< , 100 pg/ml added after 2 hr;
A A , 200 pg/ml neomycin.
Rate of L Cj- valine incorporation, O ■ -O con¬
trol cells with no neomycin; □ q , 100 pg/ml




Fig. 14. Double shift experiment. Control cells were shifted
to a medium with neomycin after 2 hr, and experimental
cells growing in medium with neomycin were shifted to
medium without neomycin after 2 hr. • • , Control
cells with no neomycin; Q— q , neomycin added after
2 hr; A A , experimental cells in medium with
neomycin; ^ A , neomycin removed from the culture
after 2 hr. The figure illustrates the rate of RNA




Fig. 15. RNA species fractionation in a sucrose gradient.
Control sample with no neomycin;




mRNA and the third for ribosomal RNA. In the experimental gradient the
intermediate type of RNA was the affected, or was partially banded in
other regions of RNA species.
5. Neomycin and Actinomycin D interactions.
Cell cultures prepared in the usual manner were transferred to
medium containing radioactive uracil and valine, and proportionally
distributed into control and experimental cultures. The control set of
cultures had no antibiotics; a second set of cultures was treated with
100 pg/ml neomycin; a third set of cultures was treated with 100 pg/ml
actinomycin D, and the remaining cells were treated with a combination
of both neomycin and actinomycin D. Figure 16 shows the effect of
these combinations of antibiotics on the synthesis of RNA. As the
cells were synchronized, there was the characteristic peak in the con¬
trol activity at 3 hr, the point at which neomycin produced a 607. and
actinomycin a 727. inhibition. The combined action of neomycin and
actinomycin resulted in 767. inhibition of RNA synthesis. These results
suggest a type of competition that favors the actinomycin effect. The
early effect at 1 hr of treatment with neomycin on the rate of RNA
sjmthesis indicated a competitive effect of the action of neomycin and
actinomycin, resulting in 437. inhibition with actinomycin, 387. by neo¬
mycin, and only 227. by the neomycin-actinomycin combination. The 5 hr
determination indicated the usual stimulatory effect of neomycin that
corresponded to the declining period of synthesis of RNA in the con¬
trols, with a 407. inhibition by actinomycin, and 287. by the neomycin-
actinomycin combination. At 6 hr there was still some increase in RNA
s3mthesis by the action of neomycin, almost no effect by actinomycin.
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Fig. 16. Rate of [ H]-uraciL incorporation in the presence
of neomycin and actinomycin D. O—-O , Control
cells without antibiotics; , 100 pg/ml
neomycin; 0 • , 100 pg/ml actinomycin D;
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and 357o inhibition by the combined action of actinomycin-neomycin.
Figure 17 illustrates the effect of these antibiotics and their
interactions on the rate of protein synthesis. At the first-hour
determination there was a 337, inhibition by neomycin, 447, by actino¬
myc in, and only 267, by neomycin-actinomycin. At 3 hr, with the
higher activity in the controls, there was a 607, inhibition of pro¬
tein s3mthesis by neomycin, 727, by actinomycin, and 767, by neomycin-
actinomycin. At 5 hr neomycin inhibited protein synthesis by 107,,
actinomycin 417,, and neomycin-actinomycin 317,. At the end of 6 hr
there was a 217, stimulation of protein synthesis by neomycin, 267,
by actinomycin, and 167, inhibition by neomycin-actinomycin. In
general, the competition between neomycin and actinomycin showed a
dominant effect of the inhibitory action of actinomycin on both
protein and RNA synthesis.
6. Effect of neomycin and chloramphenicol.
In Figs. 18 and 19 the effects of chloramphenicol and neomycin
on RNA and protein synthesis are illustrated. At the first-hour
determination there is a 387, inhibition by neomycin, 587, by chloram¬
phenicol, and 297, by the action of neomycin-chloramphenicol on the
rate of RNA synthesis (Fig. 18). At 3 hr Inhibition by neomycin is
607,, 757, by chloramphenicol, and 667, by the combination chloram¬
phenicol-neomycin. At 5 hr there was a slight increase of RNA by
neomycin, and 87, inhibition by chloramphenicol and neomycin-chloram¬
phenicol. At 6 hr there was still slight stimulation of RNA by
neomycin, 77, inhibition by chloramphenicol, and 77, inceease by
neomycin-chloramphenicol.
r 14 T
Fig. 17. Rate of [ Cj-valine incorporation in the presence
of neomycin and actinomycin D. #.1 ^ , Control
cells without antibiotics; □ □ , 100 pg/ml
neomycin; O O , 100 pg/ml actinomycin D;
^ ^




Fig. 18. Rate of [ H]-uracil incorporation in the presence of
neomycin and chloramphenicol. O O » Control
cells without antibiotics; ■ ■ , 100 pg/ml
neomycin; A A , 100 pg/ml chloramphenicol;
, 100 pg/ml neomycin plus chloramphenicol.
counts/min
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Fig. 19. Rate of [ Cj-valine incorporation in the presence of
neomycin and chloramphenicol. 0 , Control
cells without antibiotics; D—□ , 100 pg/ml
neomycin; A—-A , 100 p.g/ml chloramphenicol;





Protein synthesis was affected by a 337o inhibition with neomycin,
427o by chloramphenicol, and 297o by the combination of neomycin-chlor¬
amphenicol after 1 hr of treatment (Fig. 19). At 3 hr there was a
597o inhibition of protein synthesis by neomycin, 657o by chlorampheni¬
col, and 627o by neomycin-chloramphenicol. At 5 hr there was a slight
inhibition of protein synthesis by neomycin, and 207. inhibition by
chloramphenicol and neomycin-chloramphenicol. At 6 hr protein
synthesis was increased 77. by neomycin, inhibited 77, by chlorampheni¬
col, and stimulated 77. by neomycin-chloramphenicol. It seems that
there was competition between neomycin and chloramphenicol and, in
some instances, the effect of neomycin dominated over the effect of
chloramphenicol.
7. Fractionation studies.
Control and experimental cultures were prepared as described
earlier for double label experiments. Experimental cells were treated
with 100 pg/ml neomycin for 3 hr at the end of which a crude extract
was prepared by sonic treatment. Selective precipitation of ribo¬
somes was attained with 67, streptomycin at 0 C for 24 hr. RNA and
protein were determined as a function of [ h]- uracil and [ C]-valine
incorporation into macromolecules. These determinations were made in
the crude extract, ribosome pellet, and the perchloric acid soluble
and Insoluble portions of the non-ribosomal fraction. Table 1 shows
the values for RNA species, and Table 2 indicates the distribution
of protein in ribosomal and non-ribosomal fractions.
8. Differential cell response to neomycin,
a. Sensitive cells identification.
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Table 1. Fractionation of RNA species in control and neomycin-
treated cultures.
Counts/minute/ml of sample^
Fractionation Source of RNA Control Experimental
0 crude extract 574 616
1 ribosome pellet 113 113
2 supernatant 133 172
3 non-ribosomal^ 131 139







Table 2. Protein distribution in different cell fractions.
Fractionation Source of protein
Counts/minute/ml of sample
Control Experimental^
0 crude extract 437 456
1 ribosomal pellet 62 62
2 supernatant 62 83
3 non-ribosomal^ 83 81







Cells growing in logarithmic phase were treated with increasing
amounts of neomycin (100-250 g/ml). After 10 days, the cells that
had detached from the glass were removed from the culture vessel.
Half of them were allowed to recover in fresh medium with no neomycin
and the rest of them were transferred to fresh medium with 150 pg/ml
neomycin. The culture medium included radioactive uracil and valine
and the sample determinations were taken from 1-6 hr. Figure 20
shows that the rate of RNA synthesis in cells that were allowed to
recover in normal medium with no neomycin was significantly higher
at 1, 3, and 6 hr, as compared with the cells that were grown in the
presence of neomycin. In Fig, 21 the same effect is observed for pro
tein s3mthesis. These results indicated that the cells that detached
from the monolayer culture in the presence of neomycin were sensitive
to the antibiotic.
b. Resistant and dependent cells.
A sample of cells that were growing well in the presence of
neomycin was transferred to medium without antibiotic for 36 hr, at
the end of which they did not show any progress as compared with the
others that continued in medium with neomycin. Both types of cells
were transferred to radioactive medium with and without neomycin for
a 6 hr period with sample determinations at 3 and 6 hr. The cells
that could not grow without neomycin showed a higher rate of protein
and RNA synthesis in the presence of the antibiotic; the other cells
that had a measurable rate of growth proved to be slightly sensitive
to 150 [ig/ml neomycin. This experiment suggests that a prolonged
treatment with neomycin may select resistant and adapted or depend¬
ent cells.
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Fig. 20. Recovery experiment. Rate of [ h]-uracil incorporation
by cells that have been treated with neomycin for 10
days. O——O , Cells transferred to normal medium





Fig. 21. Recovery experiment. Rate of [ Cj-valine incorporation
by cells that have been treated with neomycin for 10
days. • • , Cells transferred to normal medium







The results of this study indicate that neomycin affected the
biosynthesis of RNA and protein, even at the low concentrations used
for bacterial cells. The label experiments confirmed the results
obtained in the colorimetric determinations, thus, the changes ob¬
served account mostly for newly synthesized RNA and protein rather
than the stable pool of these macromolecules in the cell. Both types
of experiments indicated that the time period at which neomycin
exerted its action on the cells was important in making the effect
more apparent by contrast to the periods of higher activity in the
controls. The inhibitory action of neomycin has been observed in
microorganisms and it is currently used in chemotherapy for its
bacteriocidal effect. Its related antibiotic, streptomycin, has been
extensively studied in relation to microorganisms and, to some extent,
in higher cells, with essentially the same type of results. But the
nature of the inhibitory action of neomycin, streptomycin, and re¬
lated antibiotics is still a matter of discussion.
It has been postulated that neomycin and streptomycin have a
similar effect on cell metabolism. This has been supported by some
evidence, such as the induced misreading in vitro peptide synthesis
(Gorini, 1966). Another example of parallelism between these anti¬
biotics is the response of the cells in the form of sensitivity for
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the wild type condition, and two different point mutations that result
in dependence or resistance to the antibiotic. These mutations are
believed to be alterations in the genetic control of ribosome forma¬
tion and considered allelic forms of the same gene (Spotts and Stanier,
1961). But neomycin cannot replace streptomycin for the stimulation
of streptomycin-dependent cells, and neomycin can kill streptomycin-
resistant organisms (Likover and Kurland, 1967; Gorini, 1966). These
observations suggest that the two antibiotics affect the same process,
but the site of action may not be the same.
In order to determine if the effect of neomycin on the S3mthesis
of RNA is at the level of transcription or translation, a comparative
study of the action of neomycin, actinomycin and chloramphenicol was
carried out with Chinese hamster cells. Actinomycin D is known to
inhibit RNA synthesis by forming a complex with the DNA template,
and its action effect has been compared to neomycin (Figs. 16 and 17).
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With actinomycin there was a strong inhibition of the rate of [ h]-
uracil incorporation into RNA; neomycin has a milder effect when used
alone. The combination of actinomycin-neomycin showed an effect that
was comparable to the effect of actinomycin alone. This can be in¬
terpreted as an indication that the primary site of action for neo¬
mycin was not at the transcription level; otherwise, the competitive
action would have been evident when combined with actinomycin.
Furthermore, the effect of neomycin on RNA may be indirect, or
actinomycin has a greater affinity for the sensitive site. The
effect on protein synthesis (Fig. 17) is a logical consequence of the
effect on RNA. Nevertheless, there is some interference between
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neomycin and actinomycin, and, in some instances, the effect is
additive. This indicates two different action effects and suggests
that the neomycin site is at protein synthesis.
Chloramphenicol is a protein synthesis inhibitor that acts at
the level of translation. When compared to neomycin (Figs. 18 and
19), there was a clear competitive effect presumably for the same
site or at the same reaction step. This confirms the hypothesis that
in Chinese hamster cells, as well as in bacteria, neomycin affects
protein synthesis at the level of translation. We also can assume
that the effect on RNA is a reflection or a secondary consequence of
the effect on protein synthesis. The length of the treatment did
not have a great effect on the inhibitory action of neomycin if it
is not considered in relation to the phase of growth of the cell
population. The higher dose used, 200 g/ml, produced a greater
inhibitory effect, but it maintained the same correlation to the
stage of growth.
Prescott and Bender (1963) have determined the generation time
in Chinese hamster cells by using tritiated thymidine. According
to their results, the S phase (DNA synthesis) lasts approximately
7 hr; G1 and G2 (RNA and protein s3mthesis) take 2 and 2.5 hr,
respectively; metaphase takes 0.5 hr. Skold and Zetterberg (1969)*’'
demonstrated that in mammalian cells amino acid starvation does not
affect RNA and protein synthesis, but effectively stops DNA synthesis
in a few horrs. If this were the case, the preliminary starvation of
the cells in balanced salt solution without glucose should minimize
the heterogeneity of the cell population. Most of the cells that
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have started their division cycles may continue, but they would stop
at G1 because they cannot go into the S phase. In this way, a high
percentage of the cell population become synchronized. All the ex¬
periments for which the cells were prepared with this procedure
showed a very similar growth pattern with respect to RNA and protein
synthesis, with the highest activity being exhibited at 3 hr of growth.
The fact that in the control cultures there was some degree of
uncoupling between RNA and protein synthesis, at some stages or phases
of growth, can be explained in terns of stability of the molecules
during differential rates of biosynthesis. But in the case of neo¬
mycin-treated cells, there was always exact parallelism between RNA
and protein synthesis. The question is how this can be related to the
action mechanism of the antibiotic. It seems that when RNA was being
synthesized at a faster rate than protein, most cells were preparing
for the synthesis of important enzymes and structural proteins; and
at the time at which the determination was made, only the precursors
had already been synthesized. The explanation for the coupled action
of neomycin in these cases may be that the antibiotic maintained pro¬
tein s3mthesis at subnormal levels. This created a conditionally
repressed state such that protein synthesis was not retarded to be
balanced with the new RNA synthesis for the subsequent biochemical
needs.
It is interesting to note that the interference or competition
between the effects of neomycin and chloramphenicol suggested a
similar end-result in their action mechanism, and confirmed previous
findings in relation to stimulation and/or accumulation of RNA in the
absence of protein synthesis (Aronson and Spiegelman, 1961). This
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effect has been used as an experimental tool in studies of RNA
metabolism in "relaxed" bacterial cells which have lost the amino
acid regulation of RNA synthesis. The wild type cells possess the
"stringent" condition in which RNA synthesis is amino acid-dependent
(Sokawa, Nakao-Sato, and Kaziro, 1970). These investigators consider
that DNA, lipids, hexosamines, and total carbohydrates are all under
amino acid control.
Another observation in relation to the effect of neomycin is
that it can be detected as early as 30 min - 1 hr after application
or removal from the culture medium (Figs. 13 and 14). This means
that neomycin did not encounter permeation problems and/or sufficient
intracellular competition. The results from the recovery experiments
also indicate that the effect of neomycin was reversible or easily
compensated by the cell in short-term growth experiments.
The recovery experiment with cells that had been exposed to
neomycin for 15 days showed a different final result (Figs. 5 and 6).
The cells which were allowed to recover in medium without neomycin
synthesized RNA with an analogous fluctuating pattern to those cells
that remained in the presence of neomycin. But in relation to pro¬
tein synthesis, the cells that were transferred to medium with no
neomycin did not s'how any increase in the protein content over a
36 hr period. Those cells that continued under the effect of neo¬
mycin synthesized protein in increasing amounts, with a peak
activity at 24 hr. These results suggest that a long-term treatment
with neomycin may affect the translation apparatus of the surviving
cells in such a way that protein can be made only in the presence of
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the antibiotic or, in other words, that cells with that type of
adaptation or mutation were artificially selected over the rest of the
population. The experiments also indicate that protein synthesis,
rather than RNA, was affected by neomycin.
Similar results were obtained with double label determinations
for RNA and protein sjmthesis made on cells that had been treated with
neomycin for 10 days. Between 7 and 10 days, most cells detached from
the glass surface of the container and proved to be sensitive to the
action of the antibiotic when they were comparatively grown in media
with and without neomycin (Fig. 20 and 21). The remaining cells in
the original culture grew well in the presence of neomycin, and some of
them did not grow at all when they were transferred to medium with no
neomycin. The latter cells showed neomycin dependence for protein
synthesis. Harbers e^.^. (1965) have suggested that dependence is a
case of suppression at the ribosome level.
It has been postulated that streptomycin and related antibiotics
bind the 30s subunit of the ribosome and that the mutation leading to
resistant or dependent phenotypes seems to be localized in the
genetic determinant of the core particles that remain after the re¬
moval of the so-called "split proteins" from the 30s ribosome
(Staehelin and Meselson, 1966; Traub ^ , 1966)
The results of fractionation studies with Chinese hamster cells
in the presence and in the absence of neomycin did not show any varia¬
tion in the ribosomal content of sensitive cells after 3 hr of exposure
to the antibiotic, as compared to the control cells. The RNA and pro¬
tein affected by inhibition were not associated with the ribosomal
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fraction (Table 1 and 2). These data suggest that, at least, in
short-term treatments, neomycin did not affect ribosome formation or
ribosome degradation.
There are several possibilities or hypotheses that attempt to
explain the action mechanism of streptomycin and related antibiotics
on cell metabolism, and most all of these are based upon experimental
evidence obtained from microorganisms. With the experimental infor¬
mation available from this study of the effect of neomycin on Chinese
hamster cells in culture, there is good evidence that the action
effect of the antibiotic is at the level of translation.
It is known that tRNA has a moderate turnover of its terminal
AMP, which could be the result of a limited action of RNA'se II on a
type of RNA molecule protected at some extent by its secondary
structure. It seems that this renewal of the terminal adenosine
phosphate is correlated with protein synthesis because when synthesis
stops, there is not detectable turnover (Cannon, 1966). Neomycin, as
well as chloramphenicol, may hinder this type of turnover by prevent¬
ing the release of the amino acid from the amino-acyl-tRNA complex.
It is believed that sensitive ribosomes may become destroyed as
a consequence of the primary effects of streptomycin and related
antibiotics (Spotts and Stanier, 1961). If a mRNA-ribosome inter¬
action is normally required for dissociation of the template-RNA
complex, a reduced number of ribosomes available for this interaction
could account for inhibition of RNA synthesis. So the control of
transcription is also regarded as a feedback mechanism that maintains
a balance between the products of transcription and the ribosome
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particles that will translate the code information into proteins.
Then, when neomycin stops protein synthesis, that could result in the
accumulation of precursors and factors that will in turn repress RNA
transcription until its content is diluted out enough to become a
limiting factor for synthesis. In other words, the effect that neo¬
mycin may have over RNA synthesis is by all means indirect as opposed
to actinomycin D which directly binds the DNA template.
The summary statement in relation to the action mechanism of
neomycin is the correlation of a sequence of events that affect the
translation process. Messenger RNA seems to be an indirect prerequi¬
site for in vivo amino acid activation, and neomycin may not affect
the charging of tRNA; rather, the antibiotic could hinder the unload¬
ing of the amino acid by causing a codon-anticodon misalignment in the
ribosome complex as a result of competition for a binding site at the
30s subunit. This would result in inhibition of protein synthesis and
accumulation of amino-acyl-tRNA. When the ratio of charged tRNA to
uncharged tRNA is more than 1, RNA synthesis is stimulated. The
accumulation of protein synthesis requirements result in a feedback
inhibition of RNA synthesis by unavailability of more ribosomes. This
accounts for the fluctuating pattern of the neomycin effect that in¬
cludes stimulation and inhibition of RNA and protein as a consequence
of a primary inhibitory effect on protein s3nithesis.
Neomycin sensitive cells seem to have a great affinity of their
ribosome site for the antibiotic molecule. Resistant cells have no
affinity for neomycin at the binding site, and dependent cells may
have an alteration that is compensated by the binding of neomycin at
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that site. The effect of neomycin in Chinese hamster cells in many
ways resembles the effect of chloramphenicol.
The results of this study on mammalian cells, as compared to
bacteria, protozoans, etc., strongly suggest that macromolecules are
universal types of cellular materials, and that the cell unit is
also a universal concept.
CHAPTER VI
SUMMARY
The effect of the antibiotic neomycin on Chinese hamster cells
was examined. Synchronized cell populations were exposed to various
concentrations of the antibiotic for different periods of time. The
RNA and protein content was measured by optical density determina¬
tions, and the rate of RNA and protein synthesis was estimated by
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the incorporation of [ H]-uracil and [ c]-valine into macromole¬
cules in the presence and in the absence of neomycin. The results
of this study can be summarized as follows;
1. The antibiotic neomycin affected the biosynthesis of RNA and
protein in Chinese hamster cells, even within the concentration range
used for bacterial cells.
2. The results of radioactive precursor labeling experiments
indicate that the inhibition of RNA and protein by the action of neo¬
mycin affected the rate of biosynthesis of these macromolecules,
rather than the rate of accumulation or content per cell.
3. Neomycin, directly affected the rate of protein synthesis
presumably at the level of the fibosome-mRNA complex.
4. The effect of neomycin on RNA synthesis was shown to be a
secondary consequence of its primary effect on protein s5mthesis at
the level of the ribosome.
5. It is concluded that the addition of neomycin to in vitro
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cultures of Chinese hamster cells may interfere with the translational
process by preventing the normal interactions between amino acyl-tRNA
and the mRNA-ribosome complex during protein synthesis. As a result
of this, the low ratio tRNA/amino acyl-tRNA produced a temporary
derepression of RNA synthesis which was in turn reduced to subnormal
levels by a translation-transcription feedback process.
6. An additional observation was the functional identification
of neomycin-sensitive, resistant and dependent cells in the Chinese
hamster system.
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